INTRODUCTION
In both prokaryotes and eukaryotes, signal transduction involves protein phosphorylation catalysed by protein kinases. There are two distinct families of protein kinases : Ser\Thr-and\or Tyrspecific protein kinases, predominantly found among eukaryotes [1, 2] , and His kinases, involved in bacterial two-component signalling pathways [3] . In eukaryotes, protein kinases often form cascades or networks of protein phosphorylation in order to co-ordinate cellular responses to a variety of signals [1, 2] . In a typical bacterial two-component signalling system upon stimulation by a given signal, a receptor His kinase undergoes autophosphorylation on a conserved His residue, and then transfers the phosphate group to a conserved Asp residue of a response regulator which, in most cases, is a transcription factor [3] . Although ubiquitous mostly in bacteria, two-component systems have been found in several eukaryotes over the last few years [3] [4] [5] . In parallel, eukaryotic-type protein kinases and phosphatases have also been reported in several bacterial species [6] . Bacterial genome sequencing projects have also unveiled the existence of Ser\Thr and Tyr kinases and phosphatases in many bacterial strains [7] .
Although the existence of Ser\Thr and\or Tyr kinases in prokaryotes has been established, the function of these enzymes in bacterial signal transduction remains unclear. One possibility is that they form a cascade of protein phosphorylation similar to that found in eukaryotes. Another possibility could be a coupling of Ser\Thr kinases to two-component systems. Considering the Abbreviations used : GAF, cGMP-specific and stimulated phosphodiesterase, Anabaena adenylate cyclase and E. coli FhiA (where G is cGMP, A is adenylate and F is FhiA) ; GFP, green fluorescent protein ; MAPK, mitogen-activated protein kinase ; NCBI, National Center for Biotechnology Information ; ORF, open reading frame ; RbcL, large subunit of ribulose-1,5-bisphosphate carboxylase. 1 To whom correspondence should be addressed (e-mail cczhang!ibsm.cnrs-mrs.fr).
The nucleotide sequence data reported have been submitted to the GenBank2 under the accession number AF230361.
Rhodococcus sp. M5. HstK was present in cells grown with NH % + or N # as the nitrogen source, but was absent in cells grown with NO $ − . The hstK gene was inactivated and the mutant phenotype was characterized. The catalytic domain of the Ser\Thr kinase of HstK functionally replaced that of Hog1p, a well-characterized protein kinase required for the response to high osmolarity in the S. cere isiae heterologous system. The unusual multidomain structure of HstK suggests that a two-component system could be directly coupled to Ser\Thr kinases in the same signal transduction pathway.
Key words : Anabaena, mitogen-activated protein kinase, protein kinase, signal transduction, two-component system. coexistence of both two-component signalling pathways and eukaryotic-like signalling molecules in bacteria, such as in the cyanobacterium Anabaena sp. PCC 7120 [6] , it is legitimate to ask whether an interaction between these two types of signalling molecules is possible. Indeed, such a coupling mechanism has already been suggested in several eukaryotes. Genetic studies in Saccharomyces cere isiae and Arabidopsis thaliana have shown that two-component systems may act upstream of Ser\Thr protein kinases [4, 5, [8] [9] [10] [11] [12] [13] . In S. cere isiae, a two-component system functions upstream of a mitogen-activated protein kinase (MAPK) pathway involved in the regulation of the cellular response to high osmolarity [3, 10, 11, 14] . This signal transduction pathway is mediated by a MAPK homologue, Hog1p. When the catalytic domain of Hog1p is deleted or mutated to an inactive form, cells become osmosensitive [12] . In A. thaliana, a His kinase, ETR1, acts as an ethylene sensor and transmits the signal to a Raf-related Ser\Thr kinase, CTR1 [8, 9] . These studies reveal a new type of signal transduction mechanism. However, in all of these cases, how the two-component systems are coupled to Ser\Thr kinases remains obscure ; in particular, it is not yet clear whether the interaction of the two-component system with Ser\Thr kinases is direct or indirect through another, yet unidentified, factor.
Anabaena sp. PCC 7120 is a filamentous strain of cyanobacteria [15] . It can grow on combined nitrogen sources, such as NO $ − or NH % + . In the absence of a combined nitrogen source, some regularly spaced cells along each filament are induced to differentiate into heterocysts specialized in N # fixation. In the present study, we report the isolation and characterization in this cyanobacterium of a gene encoding a protein with an N-terminal Ser\Thr kinase domain and a C-terminal His kinase domain. Such an unusual arrangement in a single molecule suggests a mechanism by which a two-component system may be coupled to a eukaryotic-type protein kinase in signal transduction.
EXPERIMENTAL

Strains and growth conditions
Anabaena sp. PCC 7120 was grown in BG11 medium as described previously [16, 17] , and Escherichia coli in Luria-Bertani broth [18] . E. coli strains used for conjugation were reported previously [19] . 
Gene cloning, sequencing and inactivation
Techniques for the screening of gene libraries and DNA sequencing have been described previously [17] . For the inactivation of pknB, a 2.8 kb HindIII subfragment ( Figure 1 ) was cloned into the HindIII site of pBluescript SK − (Stratagene), giving rise to the plasmid, p3C5. p3C5 was partially digested by EcoRV, and the Ω fragment, bearing spectinomycin resistance [21] , was inserted into one of the EcoRV sites within the coding region of pknB ( Figure 1 ). The resulting plasmid was called p3C5Ω. The insert of p3C5Ω was isolated as a PstI\XhoI fragment and inserted into the integrative vector pRL271 [19] . This final construct, pRL3C5Ω, was mobilized by conjugation into Anabaena sp. PCC 7120 as described previously [19] . For the inactivation of hstK, a 4.8 kb HindIII fragment ( Figure  1 ) was subcloned into the HindIII site of pBluescript SK − . The resulting plasmid, p3C3, was partially digested by XmnI, into which an EcoRV fragment bearing the green fluorescent protein (GFP) [22] and an SmaI fragment bearing Ω [21] was inserted, giving rise to the plasmid p3CGfpΩ. The GFP and Ω fragments were amplified by PCR from pBAD-GFPuv (Clontech) and pHP45Ω [21] respectively. The insert of p3CGFPΩ was cloned as a PstI\XhoI fragment into the integrative plasmid, pRL271, and conjugated into Anabaena sp. PCC 7120 as described previously [19] .
Expression of recombinant proteins in E. coli and Western blotting
The coding sequences of PknB and those of the two kinase domains of HstK were cloned after PCR amplification using the high-fidelity Vent DNA polymerase (New England Biolabs). Each amplified fragment was digested by NdeI and BamHI and inserted into the NdeI\BamHI-digested pET15b (Novagen). Inserts of the resulting plasmids, pET15b(HstK-S\T), pET15b (HstK-His) and pET15b(PknB), were sequenced to ascertain the accuracy of the DNA sequence. Recombinant proteins were then overexpressed in E. coli BL21(DE3) [23] .
Protein labelling by [$#P]P i was carried out as described previously [24] . Crude protein extracts from Anabaena sp. PCC 7120 were prepared as described previously [25] . Polyclonal antibodies against GFP were purchased from Molecular Probes. Western blotting was carried out using an enhanced chemiluminescence detection kit (ECL2 ; Amersham Pharmacia Biotech) as described previously [25] except that the concentration of Tween 20 was 0.4 % (v\v).
Engineering of HOG1 replacement mutants in S. cerevisiae
A HOG1 deletion mutant was constructed in which the region that encodes the catalytic domain of Hog1p was replaced by TRP1 (phosphoribosylanthranilate isomerase prototrophic selectable marker gene). The two following PCR primers were designed ; HOG-D1, 5h-ACAAAGGGAAAACAGGGAAAAC-TCAACTATCGTATATAATAATGGGCCAAGAGGGAG-GGC-3h [the initiation codon of HOG1 (ATG) is shown in bold], and HOG-D2, 5h-CAAGTCAGTGATGATCGAAAATTGGT-GAACATGATCTTTCCCCTTAAATAAATACTACTC-3h. These two primers were used to amplify TRP1, and the PCR product was flanked by a short region of HOG1 (corresponding to the underlined letters in the two primers above). The PCR product was then used to transform S. cere isiae BMA41 for gene replacement. For the construction of other mutants in S. cere isiae, the HOG1 promoter was PCR-amplified using the P-HOG-H and P-HOG-B primers (see below), and genomic DNA of S. cere isiae was used as a template. The PCR product was tagged with HindIII and BamHI sites and cloned into the corresponding sites of the vector pFL34 [26] . DNA fragments, corresponding to the Ser\Thr kinase catalytic domain of HstK or PknB, were cloned downstream of the promoter using the BamHI\EcoRI sites to give pHOG-HST and pHOG-BST respectively. A region including the promoter, the catalytic domain coding region and the selection marker, URA3, was amplified using the AccuTaq LA DNA polymerase system (Sigma). The sense PCR primer used was Rep-Hog and the anti-sense primer was Rep-Hog-HST for pHOG-HST or Rep-Hog-BST for pHOG-BST. The fragment obtained was then used to transform S. cere isiae BMA41 using the lithium acetate method [27] . The sequences of the PCR primers were : P-HOG-H, CCCAAGCTT-ACCTCAAAGCGCTTCG ; P-HOG-B, GCGGATCCTATTA-TATACGATAGTTG ; Rep-Hog, AAAGCGTTCTTTATCT-CCAAGACTTTGCCCTGTATATAATTCGGTAATCTC-CGA ; Rep-Hog-HST, GTCAGTGATGATCGAAAATTGG-TGAACATGATCTTTCCCTGGGTCAGTCACGATAA ; Rep-Hog-BST, GTCAGTGATGATCGAAAATTGGTGAA-CATGATCTTTCCCGGGTAGTACTCCTGTTA.
RESULTS
Cloning of a novel Ser/Thr kinase gene, pknB, from Anabaena sp. PCC 7120
We have previously reported [17, 25, 28, 29] evidence showing the existence of a family of eukaryotic-type protein kinases in Anabaena sp. PCC 7120, and four of these genes have already been characterized. Using a PCR-generated probe, PCR-PKN4 [17] , another member of this gene family, pknB, was cloned by colony hybridization from a gene library of Anabaena sp. PCC 7120. One positive clone, with an insert of approx. 19.5 kb, was further analysed. The pknB gene was identified on a 2.8 kb HindIII fragment from the insert (Figure 1 ) and proposed to encode a protein, PknB, of 461 amino acid residues with a molecular mass of 51 804 Da. PknB possesses an N-terminal region of 260 residues similar to the catalytic domains of known Ser\Thr kinases, with the 11 subdomains conserved to various degrees. This domain is 40 % identical with the putative kinase catalytic domain of PknA [17] from the same strain (results not shown). The C-terminal region of PknB has no significant sequence similarity to any proteins in the National Center for Biotechnology Information (NCBI) protein database.
hstK, located upstream of pknB, could encode a protein with a multidomain structure
During the sequencing process, a partial open reading frame (ORF) was found 325 bp upstream of pknB. The deduced peptide showed similarity to His kinases of bacterial two-component signal transduction pathways [3] . This discovery prompted us to sequence further upstream. A large ORF, with a coding region spanning 5.3 kb and a coding capacity of 1777 amino acid residues, was identified. The deduced protein had a calculated molecular mass of 200 724 Da and possessed a structure unusual among signalling molecules described to date. The amino acid sequence of residues 1-250 was similar to the catalytic domains of the eukaryotic-type Ser\Thr kinases, whereas residues 1517-1777 resembled the His kinase domains found in bacterial twocomponent systems (Figure 2 ). Thus this protein was designated as HstK (for His and Ser\Thr kinase). The putative Ser\Thr kinase domain of HstK was more related to that of STE7p [6, 30] from S. cere isiae (with 27 % identity) than to the other known eukaryotic-type protein kinases from Anabaena sp. PCC 7120 (with approx. 20 % identity). The putative His kinase domain was approx. 23 % identical with other His kinase domains, such as TlcP or ResE from Bacillus subtilis [31, 32] . The His residue, which is the target of autophosphorylation [3] , was also conserved (Figure 2) .
Two other proteins from the NCBI protein database show a structure similar to HstK
The unusual structure of HstK suggests a new signalling scheme in which two-component systems and Ser\Thr and\or Tyr kinases are intimately linked. To our knowledge, HstK was the first case of such a ' hybrid ' protein when it was cloned and sequenced in our laboratory [6] . Recently, however, a search in the NCBI protein database allowed the identification of two other proteins with multidomain structures similar to that of [31, 32] . SpAC, SpAC27E2.09. Bold characters represent identical residues in three out of five aligned sequences. Gaps were introduced to optimize the alignment. The conserved His residues, which are the site for autophosphorylation, are indicated by an asterisk.
HstK (Figure 2) . One of these, BpdS, was described in the Grampositive actinomycete Rhodococcus sp. M5 [33] . The function of bpdS itself is unknown. The other protein, SpAC27E2.09 (GenBank2 accession number Z98978), was found during the genome sequencing project of the yeast S. pombe. Figure 2A) , and a Cterminal His kinase domain similar to those in bacterial twocomponent His kinases ( [3] and Figure 2B ). The three Ser\Thr kinase domains shared 17.4 -24 % sequence identity, and the three His kinase domains were 18.7-29 % identical. All three proteins were large in size with 1777, 2310 and 1576 residues for HstK, SpAC27E2.09 and BpdS respectively. Although overall sequence similarity in the central domains of these proteins was not found, two regions of 34 and 110 residues (corresponding to 452-565 and 841-875 of HstK respectively) showed significant sequence conservation (results not shown). In addition, HstK (residues 1319-1467) and SpAC27E2.09 (residues 1457-1602), but not BpdS, contained a GAF [cGMP-specific and stimulated phosphodiesterase, Anabaena adenylate cyclase and E. coli FhiA (where G is cGMP, A is adenylate and F is FhiA)] domain found in many prokaryotic and eukaryotic signalling proteins [34] .
Functional analysis of PknB and HstK in E. coli and S. cerevisiae heterologous systems
PknB as well as the Ser\Thr and His kinase domains of HstK were overexpressed in E. coli. The overexpression of the fulllength HstK in E. coli was unsuccessful, presumably because of its large size. During the course of induction in E. coli, all three recombinant polypeptides were radiolabelled in the presence of [$#P]P i ( Figure 3A) . These results suggest that PknB and the two distinct protein kinase domains of HstK have autophosphorylating protein kinase activities, a feature shared by most protein kinases [35] .
Although all of the His kinases tested in bacteria were capable of autophosphorylating, Ser\Thr kinases could also be substrates of other protein kinases. To further demonstrate that HstK and PknB functioned as Ser\Thr kinases, we tested the ability of their respective Ser\Thr kinase domains to replace the catalytic domain of Hog1p, a well characterized protein kinase in the osmolarity-response pathway in S. cere isiae [12, 14] . Clear sequence similarity between Hog1p and HstK was identified in subdomains I-IX of the catalytic domains [1, 2] . This region corresponds to amino acid residues 1-208 of HstK and residues 1-215 of Hog1p. Three yeast strains were constructed : ∆HOG1, in which the coding region of residues 1-215 of Hog1p was replaced by TRP1 ; ∆HOG1-HST, in which the coding region of residues 1-215 of Hog1p was changed to the corresponding 1-208 residues of HstK ; and ∆HOG1-BST, in which the same region of HOG1 was replaced with the corresponding region of PknB. The growth of these mutants and that of wild-type S. cere isiae BMA41 were tested using SD and YEPD growth media, in both liquid and solid culture. As shown in Figure 3(B) , the ∆HOG1 mutant was unable to grow under conditions of high osmolarity in the presence of either 0.9 M NaCl or 1.5 M sorbitol ; findings consistent with a published observation [12] . The ability to adapt to high osmolarity pressure was restored in both ∆HOG1-HST and ∆HOG1-BST mutants as they both grew normally in the presence of either NaCl or sorbitol when compared with the wild-type.
Expression of hstK and characterization of hstK insertion mutants
RNA-DNA hybridization failed to reveal any transcripts of the hstK gene, suggesting that it is expressed at a low level. Thus a mutant construct was made in which GFP [22] was translationally fused to the N-terminal region of hstK (Figure 1 ). In addition, an Ω element (a spectinomycin-resistance gene cassette) was also inserted adjacent to GFP, providing a selection marker for fusion and inactivation mutants (Figure 1 ). Double recombinants were obtained, and the complete interruption of the hstK coding region by the GFP-Ω insertion was confirmed by DNA-DNA hybridization (results not shown).
Two independent conjugants, named as hstK-G1 and hstK-G2, were further analysed, and had similar phenotypes. Heterocyst development and pattern were not affected. In the presence of NO $ − as the nitrogen source, both mutants grew normally when compared with the wild-type. However, their growth capacities were impaired when NH % + or N # was used as a nitrogen source. Compared with the wild-type, the mutant strains displayed a growth rate 10 % slower in the presence of NH % + and 40 % slower under N # -fixing conditions. The autofluorescence of HstK-GFP in the two clones was undetectable under fluorescence microscopy irrespective of the nitrogen source in the medium, a finding consistent with a low-
Figure 4 Detection of HstK in Anabaena sp. PCC 7120 by GFP-epitope tagging
The wild-type strain (lanes 1-3) and one conjugant, hstK-G1 (lanes 4-6), were cultured in the presence of NO 3 − (lanes 1 and 4) , under N 2 -fixing conditions (lanes 2 and 5) or in the presence of NH 4 + (lanes 3 and 6) . Total proteins were isolated, separated by SDS/PAGE, blotted on to a nylon membrane and revealed with a polyclonal antibody against GFP (A) or RbcL (B).
level expression of HstK. Expression of the HstK-GFP fusion protein was thus assayed with polyclonal antibodies against GFP. Protein extracts were prepared from cells grown under different nitrogen regimes. A signal, which was absent in wildtype cells, was detected with protein extracts from mutant cells grown on NH % + or under N # -fixing conditions, but not with extracts from cells grown on NO $ − ( Figure 4A ). The size of the protein corresponding to this signal was approx. 70 kDa, close to the theoretical value for the HstK-GFP fusion protein (66.7 kDa ; sum of the N-terminal 360 residues of HstK and the 240 residues of GFP). The intensity of this signal in cells grown on NH % + was approx. 5 times stronger than that in cells grown on N # . The amount of proteins loaded in each lane was determined using polyclonal antibodies against the large subunit of ribulose-1,5-bisphosphate carboxylase (RbcL) ( Figure 4B) .
pknB insertion mutants were also isolated. They grew normally under different nitrogen regimes when compared with the wildtype strain (results not shown).
DISCUSSION
Genetic and molecular studies in three eukaryotes, A. thaliana, S. cere isiae and Dictyostelium, have suggested that two-component signalling systems may be coupled to Ser\Thr kinases in the same signal transduction pathway [8] [9] [10] [11] [12] [13] . It was recently shown [36] that, using a yeast two-hybrid system, the His kinase, ETR1, and the Ser\Thr kinase, CTR1, from A. thaliana physically interacted with each other. The structure of HstK also indicates that a twocomponent signalling domain can be directly linked to a Ser\Thr kinase domain to form a single protein. The structural definition of the different domains in such a protein may shed new light on the mechanism of coupling between two-component pathways and Ser\Thr kinases. In addition, the finding that proteins with a structure similar to that of HstK exist in two other organisms, the eukaryote S. pombe and the Gram-positive bacterium, Rhodococcus sp. M5, suggests that such a coupling mechanism is not a rare event. In this context, it is worth noting that bpdS in Rhodococcus sp. M5 is adjacent to the gene bpdT encoding a response regulator, the second member of two-component pathways [33] . It would be interesting to know whether BpdT interacts with BpdS.
Both HstK of Anabaena PCC 7120 and SpAC27E2.09 of S. pombe contain a GAF domain just in front of the His kinase catalytic domain. The GAF domain, found in a variety of signalling proteins, including many sensory His kinases, can function as a cGMP-binding motif and may serve as a signalreception domain [34, 37] . This signalling input may influence the activity of the His kinase, thereby triggering an as yet undefined signal transduction cascade.
PknB and the two distinct kinase catalytic domains of HstK were radiolabelled when expressed in E. coli. Since His kinases in bacterial signalling systems are all capable of autophosphorylation [3] and no such enzyme in bacteria has been shown to act as a substrate of other protein kinases, we thus believe that the His kinase domain of HstK can indeed function as a His kinase. In the case of PknB and the Ser\Thr kinase domain of HstK, radiolabelling in E. coli may be the result of either autophosphorylation or phosphorylation by an unknown protein kinase in the host. To test these hypotheses, and to avoid the problem of inclusion body formation of recombinant proteins in E. coli, we chose to use a genetic approach based on the well-characterized Hog signalling system in S. cere isiae [14] . Hog1p belongs to the MAPK family and it is required for the response to high osmolarity by regulating the cellular level of glycerol [3, 10, 11] . Among the proteins in the NCBI protein database, c-Jun Nterminal kinase 1 (' JNK1 '), a member of the MAPK subfamily, is most similar to the Ser\Thr kinase catalytic domain of HstK (results not shown). Deletion or point mutations in HOG1 almost completely abolishes the ability of yeast cells to adapt to high-osmolarity pressure [12] . The osmosensitive phenotype of our ∆HOG1 mutant, in which the Ser\Thr kinase domain is deleted, is consistent with these observations. This phenotype was suppressed in the ∆HOG1-HST strain in which the putative Ser\Thr kinase domain of HstK replaced that of Hog1p. These results not only indicate that the Ser\Thr catalytic domain of HstK is functional, but that critical residues required for the function of Hog1p are also conserved in the corresponding region of HstK. One of the possible explanations for this could be that the chimaeric protein kinase is constitutively active, enabling the cells to resist high-osmolarity pressure. Whatever the explanation, the results obtained in the E. coli and S. cere isiae heterologous systems indicate that HstK may indeed function as a protein kinase. In addition, the expression of hstK is regulated in Anabaena sp. PCC 7120 and the inactivation mutant of hstK is impaired in its growth ability under certain conditions. Taken together, these results strongly suggest that HstK is a functional protein kinase. Such enzymes should allow us to understand how the two-component system and Ser\Thr kinases cross-talk in cellular signalling networks.
No proteins with a structure similar to that of HstK were identified in the entire genome of the unicellular cyanobacterium Synechocystis sp. PCC 6803 [38] , although this strain harbours several Ser\Thr kinases [39] and a large family of His kinases [40] . This observation suggests that HstK might be involved in a cellular activity, such as heterocyst metabolism, which is restricted to Anabaena sp. PCC 7120 but absent in Synechocystis sp. PCC 6803. The phenotypes of the mutants carrying an inactivated hstK support this view. As for the other eukaryotictype protein kinases investigated in bacteria to date, the HstK protein is not essential. It appears the protein participates in nitrogen metabolism when NH % + or N # , but not NO $ − , is used as a nitrogen source. These results are consistent with the expression pattern of hstK. Indeed, the Hstk-GFP fusion protein was not detected in cells grown on NO $ − , but was present in cells grown either on NH % + or under N # -fixing conditions. 
